Cutting the axon of a morphologically polarized neuron (stage 3) close to the cell body causes another neurite to grow as an axon [1-3]. Stage 3 neurons still lack molecular segregation of axonal and dendritic proteins, however. Axonal and dendritic compartments acquire their distinct composition at stage 4 (4-5 days in culture), when proteins such as the microtubuleassociated protein 2 (MAP-2) and the glutamate receptor subunit GluR1 localize to the dendrites and disappear from the axon [4,5]. We investigated whether cultured hippocampal neurons retained axon/dendrite plasticity after axons and dendrites have created their distinct cytoskeletal architecture and acquired their specific membrane composition. We found that axotomy of stage 4 neurons transformed a dendrite into an axon. Using axonal and dendritic markers, we tested whether cytoskeletal changes could cause similar transformations, and found that actin depolymerization induced multiple axons in unpolarized neurons. Moreover, depletion of actin filaments from both morphologically and molecularly polarized cells also resulted in the growth of multiple axons from pre-existing dendrites. These results imply that dendrites retain the potential to become axons even after molecular segregation has occurred and that the dendritic fate depends on the integrity of the actin cytoskeleton.
Results and discussion
We first performed axotomy on stage 4 cells. The axon of stage 4 cells is often difficult to identify because it intermingles with the axons from other cells. We thus observed stage 3 cells on a grid to identify the axon unambiguously (Figure 1a , arrows), then incubated them for a further 2 days before observing them again at stage 4. At the second observation, the axon had grown extensively, becoming thin and constant in diameter from the cell body to the tip (Figure 1b, arrows) , and the dendrites had acquired their typical tapered appearance (Figure 1b , arrowheads) [6] . As expected, control cells segregated the axonal marker Tau-1 to the axon and the dendritic marker MAP-2 to dendrites (Figure 2a-d) . We cut the axon of such a cell close to the cell body ( Figure 1c , thick arrow) and analyzed its morphology 24 hours later. In the example shown in Figure 1 , the former axon regrew only 15 µm after axotomy within 24 hours, and became thicker and tapered distally, resembling a dendrite by morphological criteria (Figure 1d , arrow). In contrast, one dendrite changed its shape from a tapering structure (Figure 1c , arrowheads) to a long thin process resembling an axon by morphological criteria (Figure 1d , arrowheads).
Immunocytochemistry confirmed that the cut axon had acquired dendritic properties. It showed reduced staining for Tau-1 and became positive for MAP-2 ( Figure 1e ,f, arrow). In contrast, the dendrite that had changed its shape became Tau-1 positive in a characteristic proximal-distal gradient [7] and showed only some MAP-2 staining in a 20 µm long proximal region (Figure 1f, arrowheads) . This led us to conclude that the former dendrite had become an axon. Other Tau-1-positive axons grew near the axotomized cell. Low-intensity microscopy through different focal planes showed that two axons, labeled 1 and 2 in Figure 1g , do not originate from the cell body of the observed cell but cross it (data not shown). It cannot be ruled out, however, that the axon numbered 3 is a putative second axon originating from the axotomized cell (Figure 1g ). In 15 out of 18 experiments the cut axon became the dendrite and another dendrite became an axon.
The axon of a stage 4 cell thus can reverse its fate and become a dendrite and a dendrite can become an axon even after the segregation of axonal and dendritic proteins to their appropriate compartments. What mechanism could allow such flexibility? We recently showed that addition of the actin-depolymerizing drug cytochalasin D to stage 2 neurons, in which neurites are still indistinguishable from each other, resulted in the growth of numerous neurites with morphological axonal-like properties instead of the typical differentiation of one axon and several dendrites [8] . Could actin depolymerization also lead to axon formation in cells that had already established polarity? First, we investigated whether the processes of stage 2 neurons grown in the presence of actin-depolymerizing agents become axons as judged by molecular criteria or are dendrites with axonal growth rates. Actin depolymerization was induced by cytochalasin D, latrunculin B or bacterial toxin B.
Stage 2 neurons were treated with cytochalasin D or DMSO for 5 days, fixed and stained for the axonal markers Tau-1 and the growth-associated protein 43 (GAP-43) [7, 9, 10] and the dendritic marker MAP-2 [5] . Cytochalasin D treatment disassembled the actin cytoskeleton in the neurites compared with control cells (data not shown). In control neurons, Tau-1 and GAP-43 segregated into a single axon (Figure 2a , arrow) and MAP-2 localized to the dendrites (Figure 2b , arrowhead). This complementary distribution had already occurred after 4-5 days in culture (stage 4). Less than 15% of untreated or DMSOtreated neurons contain two axons [6, 8] . In contrast to control cells, cytochalasin-D-treated neurons have Tau-1 in multiple processes (2) (3) (4) (5) (6) [11, 12] for 24 hours suppressed axonal elongation. Longer treatment led to extensive cell death (data not shown).
Actin filament depletion thus causes neurons to become multiaxonal cells, as indicated by the localization of typical axonal and dendritic markers. The treated cells, however,
had not yet formed distinguishable axon and dendrites at the beginning of drug treatment. We wondered whether the actin cytoskeleton was also responsible for the maintenance of dendritic fate in later developmental stages. Stage 3 cells show a clear morphological polarization, with one axon and several dendrites, after 2 days in culture. We therefore treated stage 3 neurons with cytochalasin D for 4 days (starting on day 2), and looked for the segregation of Tau-1, GAP-43 and MAP-2. In contrast to control cells, which restrict the axonal markers to one neurite, 69.5 (± 2.1)% of cytochalasin-D-treated neurons showed at least two, and more commonly three to six, neurites containing Tau-1 (n = 895). In addition, 83.0 (± 2.4)% of latrunculin-Btreated cells (n = 994) showed multiple (2-6) Tau-1-positive neurites. Independent experiments showed that 68.2 (± 4.2)% of cytochalasin-D-treated neurons had two or more neurites enriched in GAP-43 (n = 383) (data not shown).
To analyze this effect we carried out long-term observations of stage 3 cells kept in a closed chamber containing either DMSO, as control, or cytochalasin D. In control cells the axon grew further whereas the minor neurites remained quiescent [6, 8] .
This was not the case in cytochalasin-D-treated neurons (see Supplementary material).
Minor neurites grew at rates normally achieved only by the axon (see Supplementary material). Fixation and staining showed that the fast-growing neurites contained Tau-1 in their distal part whereas MAP-2 was restricted to the proximal part (see Supplementary material). These results imply that actin filament stability in the dendritic growth cones is essential for restraining young dendrites from becoming axons.
We next investigated whether dendrites at an even later developmental stage, when axonal and dendritic proteins have localized to their proper compartments, still require an intact actin filament network to maintain their fate. We (Figure 3, arrow) . This suggests that even molecularly differentiated dendrites can grow as axons upon depletion of actin filaments, implying a role for actin stability in the maintenance of dendritic fate.
We conclude first, that axonal and dendritic commitments are plastic and reversible events despite the existence of morphologically (stage 3) and molecularly (stage 4) distinct axonal/dendritic domains [4, 5, 13] . Consistent with our results, cutting neonatal rat motor neurons causes sprouting from the cell body [14] , and axotomy of spinal motor neurons of adult cats induces an additional neurite to form [15] . Second, axonal and dendritic fate appear to depend on the state of the actin network in the growth cones, irrespective of the degree of morphological or molecular maturity of the cells. Whereas dendrites have the potential to grow as axons, even when specific cytoskeletal architecture and membrane-sorting pathways are fixed, a functional actin cytoskeleton appears to restrain axonal specification and growth, allowing only the single axon to grow and mature as such.
In agreement with our earlier data, Ruthel and Hollenbeck [16] report enhanced growth rates of neurites in the presence of the actin-depolymerizing drug cytochalasin E. In contrast to some of our results, they show that one neurite of a stage 2 cell still grows faster than the other neurites and that only one neurite becomes Tau-1 positive. The differences between their results and ours may be due to the effects of the different drugs used. Consistent with this idea, the small extensions of cytochalasin-E-treated neurons are very thin and sparse in microtubules compared with the axon [16] . This is a qualitative difference from minor neurites of stage 3 control cells. The thin extensions Ruthel and Hollenbeck describe are similar to the Tau-1-negative MAP-2-negative thin extensions we observed beside the multiple axons in the presence of cytochalasin D, toxin B or latrunculin B (for example, the thin extension close to the cell body in Figure 3 , open arrowhead).
How could the actin cytoskeleton restrain dendrites from becoming axons? Our results from multipolar hippocampal neurons are consistent with the explanation of Forscher and Smith [17] of the growth of Aplysia axons. They proposed that the actin cytoskeleton, which is in the peripheral area of the growth cones of minor neurites and dendrites, forms a dense network that sterically hinders microtubules from protruding distally. In contrast, a more dynamic and less stable actin cytoskeleton in the axonal growth cone may be looser and more permissive for microtubule protrusion. Actin depolymerization of MAP-2c-transfected non-neuronal cells consistently causes process formation [18] . In addition to the steric hindrance model, proteins interacting with both microtubules and the actin cytoskeleton, such as MAP-2 and ezrin [19] , may control microtubule protrusion. Thus, by changing the activity of actin-binding proteins the stability and dynamics of the actin cytoskeleton can be changed [20] , which could then govern microtubule protrusion.
Supplementary material
Supplementary material including detailed methodology and additional experimental data is available at http://current-biology.com/supmat/ supmatin.htm. 
